We describe the pattern of molecular evolution at a sarcomeric myosin gene, MYH16, using more than 30,000 bp of exon and intron sequence data from the chimpanzee and human genome sequencing projects to evaluate the timing and consequences of a human lineage-specific frameshift deletion. We estimate the age of the deletion at approximately 5.3 MYA. This estimate is consistent with the time of human and chimpanzee divergence and is significantly older than the first appearance of the genus Homo in the fossil record. We also find conflicting estimates of nonsynonymous fixation rates (d N ) across different regions of this gene, revealing a complex pattern inconsistent with a simple model of pseudogene evolution for human MYH16.
Introduction
One observation to emerge from comparative genomic studies of humans and our close relative, the chimpanzee (Pan troglodytes), is that we may be differentiated by as little as 1% at the genomic level (Sibley and Ahlquist 1984; Yi, Ellsworth, and Li 2002) . In addition, these studies consistently suggest that much interspecific functional variation results from differences in regions external to exons and operates at the level of expression through transcription and translational variation (King and Wilson 1975; Enard et al. 2002a; Carroll 2003) . Therefore, because humanchimpanzee variation in exonic regions may be relatively uncommon, evolutionary genetic analysis of even a single amino acid mutation can have large implications in our pursuit to determine what differentiates us from our closest relative. One example comes from studies by Enard et al. (2002b) and Zhang, Webb, and Podlaha (2002) , who have shown that two amino acid substitutions in the FOXP2 gene were recently fixed in the human lineage by selection and likely played a large role in the evolution of language ability. Because we are often working with very few amino acid substitutions in human coding regions that may have been under recent positive selection, we are often heavily limited by statistical power to estimate the strength of selection on these sites (Anisimova, Bielawski, and Yang 2002) . Therefore, estimates of the origin or age of a small number of amino acid substitutions can have extremely large variances, depending on mutation rate assumptions underlying the model of molecular evolution of choice (Enard et al. 2002b) .
Recently, an analysis by Stedman et al. (2004) of a sarcomeric myosin gene (MYH16) found a frameshift deletion in humans, but not in other primates, that results in a premature stop codon and appears to be associated with masticatory muscle fiber size reduction. In an effort to determine the age of the inactivation of this gene, they sequenced 1,153 bp from seven exons, including exon 18, where the deletion and stop codon occur. In their analyses, 1,065 bp from six exons downstream of exon 18 were examined, and a total of two nonsynonymous (N, 840 total sites) and two synonymous (S, 225 total sites) fixations between chimpanzee and human were found, resulting in the ratio of nonsynonymous substitutions per nonsynonymous site to nonsynonymous substitutions per synonymous site (d N /d S ) of 0.270. Stedman et al. (2004) used a method (Chou et al. 2002 ) that assumes purifying selection on nonsynonymous mutations occurred before the deletion event and that this selection was relaxed after the origin of the deletion. In this scenario, nonsynonymous mutations are expected to become fixed at the neutral fixation rate. The authors inferred that both nonsynonymous fixations (which result in one amino acid difference) occurred along the human lineage using an ancestral reconstruction (based on dog and other primate MYH16 sequences) and estimated that the MYH16 deletion and inactivation occurred approximately 2.4 MYA. This estimate coincides with the first appearance of the genus Homo in the fossil record (Kimbel, Johanson, and Rak 1997) . This led Stedman et al. (2004) to conclude that the deletion was likely associated with hominin masticatory gracilization and brain-size expansion, which are traits first observed in the genus Homo (Tobias 1991) .
Because this age estimate was based on an analysis of only one amino acid fixation in the human lineage in a total of 1,065 bp at the MYH16 gene, we obtained data from the chimpanzee and rhesus macaque (Macaca mulatta) genome sequencing projects to construct a much larger MYH16 data set. Nucleotide sequence data from genome project trace files have been used successfully in previous comparative genomic studies (Bejerano et al. 2004; Das, Miller, and Stern 2004) , and, here, we use this resource to examine the molecular evolution of coding and noncoding regions of the MYH16 gene and consequently reevaluate the age estimate of the human lineage exon 18 deletion.
Materials and Methods
For our current study, we obtained data from the chimpanzee genome project by Blast searching the National (table 1) .
Several factors confirm that the sequence we obtained is from the chimpanzee MYH16 ortholog. The divergence of MYH16 from all other MYH genes is ancient (McGuigan, Phillips, and Postlethwait 2004) , likely predating the finned-fish and tetrapod split (Desjardins et al. 2002 ). Yet, our estimate of divergence (d, measured as the number of differences per nucleotide for introns and exon synonymous sites) between our constructed chimpanzee MYH16 sequence and the human MYH16 sequence is only approximately 1%. In addition, the seven chimpanzee exon sequences (1,153 bp) reported by Stedman et al. (2004) exactly match our chimpanzee trace file sequences for these same exons. Because of the methods by which the genome sequence is generated, there are likely to be sequencing errors in trace files. Therefore, to ensure that such sequencing errors were not tabulated, we included only exon and intron data for which we could obtain at least two independently generated sequence trace files. We found no ambiguities between overlapping trace files in exons and ambiguities in less than 0.04% of our intron sequence, none of which affected the tabulated number of fixations in our data. Our final data set includes a total of 30,542 bp of intron and exon sequence, which is more than 25 times larger than that used in the Stedman et al. (2004) study.
We inferred the ancestral state of downstream nonsynonymous human-chimpanzee fixations by obtaining macaque sequence data from the NCBI trace archive for orthologous MYH16 exons. In support of the authenticity of the macaque trace file sequence, there is only one synonymous difference between it and the seven exons included in the Stedman et al. (2004) analysis (sequences from M. mulatta, M. nemestrina, and M. fascicularis).
We used a comparative analysis of the separate upstream and downstream regions to test several hypotheses. First, Stedman et al. (2004) only collected downstream data, so we were interested in comparing our age estimate from a larger sample of sequence from this same region to determine if the original age estimate may have been a result of so few sampled nucleotide sites. Secondly, although the exon 18 deletion results in a downstream stop codon, as previously mentioned, the gene is still apparently transcribed. Therefore, it is possible that, subsequent to the deletion event, the upstream and downstream regions experienced different historical periods of functional constraint (i.e., the upstream region still being translated), which can be assessed by comparing nucleotide fixation estimates between the two regions as well as between human and chimpanzee MYH16 sequences.
Results
Compared with the estimate of Stedman et al. (2004) from 1,065 bp of coding sequence downstream from the deletion, we find a much greater proportion of fixed nonsynonymous differences in the downstream region; d N /d S ¼ 0.637 using the method of Nei and Gojobori (1986) as implemented in the software package MEGA version 2.1 of Kumar et al. (2001) (table 1) . This method produces similar results to likelihood methods (e.g., Goldman and Yang 1994) for single sequences from two closely related species and has fewer parameters. Of the 16 downstream nonsynonymous human-chimpanzee differences, we infer from chimpanzee-macaque homology that all but one occurred along the human lineage. We then employed the same evolutionary model for nonsynonymous fixations and the same dating method as in Stedman et al. (2004) to make our deletion age estimates comparable. Based on a 6-Myr divergence of the human-chimpanzee lineages (HaileSelassie 2001; Brunet et al. 2002) and 15 nonsynonymous human lineage substitutions, we estimate the age of the exon 18 deletion at 5.3 6 1.0 MYA. Similar to Stedman et al. (2004) , our confidence interval incorporates standard errors involving a 5 to 7 MYA range for humanchimpanzee lineage divergence as well as the genomewide estimate of human-chimpanzee silent site nucleotide divergence (Yi, Ellsworth, and Li 2002) . This age estimate is not only outside the confidence interval of the 2.4 6 0.3 MYA estimate obtained by Stedman et al. (2004) and significantly older than the first appearance of Homo in the fossil record but also consistent with an origin around the time that human and chimpanzee lineages diverged. 
Discussion
There are several possible explanations for the incongruent mutation age estimates. The most apparent explanation is that our data set of downstream exon sequences is considerably larger than that of Stedman et al. (2004) and is likely a more accurate reflection of the neutral fixation rate in the human lineage. Watanabe et al. (2004) , in a comparison of genes on chimpanzee chromosome 22 and human chromosome 21, discovered discrepancies in d N /d S estimates between their study and a previous analysis that did not include all exons of each gene (Shi et al. 2003) . Although this study certainly does not suggest that all exons must be analyzed to estimate fixation rates, it does, along with our current analysis, reflect how such estimates may be impacted by a relatively small number of sampled nonsynonymous fixations. In fact, several of the discrepancies found between the Watanabe et al. (2004) and Shi et al. (2003) studies are comparable to the magnitude of difference between the d N /d S ratios estimated by Stedman et al. (2004) and our analysis.
It is also possible that ancestral states of downstream human-chimpanzee fixations were incorrectly inferred based on only one outgroup sequence. To investigate the likelihood of this possibility, we added dog (Canis familiaris) trace files to our downstream MYH16 exon data set. Although the macaque is certainly a more acceptable outgroup compared with the dog based on a 23-MYA macaque-human divergence estimate versus a 92-MYA dog-human divergence (Kumar and Hedges 1998) , this comparison provides a relative estimate of convergence at MYH16 in the primate lineage. We were able to obtain exon data to polarize 13 of the 16 humanchimpanzee nonsynonymous fixations (2,495 N sites). Of these 13 sites, one is similar between dog, macaque, and human, 10 are similar between dog, macaque, and chimp, and two are shared by dog and human. As an approximation, we divided each of these two ambiguous humanchimpanzee nonsynonymous fixations equally between each lineage (human lineage N ¼ 10 1 [2 3 0.5] ¼ 11) and estimate the age of the exon 18 deletion at 4.3 6 0.9 MYA, using the same method described above. This conservative estimate is still significantly older than that of Stedman et al. (2004) and consistent with an origin around the time of human-chimpanzee divergence, which suggests that the incongruence of the age estimates is not caused by errors in ancestral sequence reconstruction.
The deletion age estimate is based on the assumption that nonsynonymous differences in the downstream region became fixed because they were simply neutral subsequent to the inactivation of the human MYH16 gene. Although we cannot directly confirm or reject the pseudogene status of human MYH16, we were interested in describing the patterns of fixation in exons in the upstream region and in introns both upstream and downstream of exon 18 to address this question. Table 1 shows estimates of d N /d S in upstream and downstream regions as well as estimates of the neutral fixation rate at MYH16 based on divergence in introns from the same regions. Because the ratio of N/S sites is similar in the upstream (3.58) and downstream (3.59) coding regions, we may expect similar d N /d S across the two regions if they have been under similar functional constraint. However, we find that d N /d S in the downstream region is more than a magnitude greater than that in the upstream region (Fisher's exact test; P , 0.01). If this statistically significant observation was caused by a simple difference in underlying mutation rates, we may expect that introns dispersed among the exons would exhibit different rates as well; however, divergence estimates in the upstream (d ¼ 0.0076) and downstream (d ¼ 0.0087) intron regions were similar (Fisher's exact test; P ¼ 0.36).
Although the significantly different d N /d S ratios of the two regions imply historical differences in functional constraint, it is not clear whether the estimates from the upstream and downstream regions are too low or too high, respectively, compared with that expected under neutral evolution. However, given that the chimpanzee MYH16 gene is still active, we can conservatively assume that the d N estimate in this lineage reflects the fixation rate expected under a model of functional constraint. Therefore, if we consider the single chimpanzee-lineage nonsynonymous fixation in the downstream region and assume that one of the two upstream nonsynonymous human-chimpanzee differences occurred in each lineage, the chimpanzee lineage has an estimated two MYH16 nonsynonymous fixations. This d N estimate is similar to that in the human upstream MYH16 region, yet it is significantly less than that in the human downstream region. It is possible that CpG sites, which have an estimated 10-fold greater mutation rate (Yang et al. 1996; Ebersberger et al. 2002; Subramanian and Kumar 2003) , occur at a higher frequency in the downstream coding regions and explain the greater d N /d S ratio. However, even when we account for a 10-fold greater rate for CpG sites, our downstream estimate of d N is consistent with that expected under a neutral model of evolution since human-chimpanzee divergence.
Although the human MYH16 downstream region is consistent with neutral evolution in the past 5 Myr, the human-chimpanzee upstream region comparisons reflect functional constraint. It is possible that the upstream region still remains active and functional; however, further analyses at both the gene and nucleotide levels are needed to address this question. As a final note about testing null models of evolution, one must take precautions against testing for the presence of natural selection. As is true of many genes, their histories have likely been subjected to periods of both neutral evolution and natural selection, and, therefore, even in our case, we cannot rule out the possibility that several MYH16 amino acid fixations were the result of positive selection. However, although any data set can eventually be fit to many adaptive scenarios, the appropriate null hypothesis to test, the neutral model, cannot be rejected in favor of positive selection at the MYH16 gene. It is also clear that models predicting equal fixation rates and neutrality for sites under different functional constraints can largely impact how we interpret patterns of molecular and phenotypic evolution among closely related lineages.
Conclusion
Our results show conflicting estimates of upstream and downstream nonsynonymous fixation rates that are not Molecular Evolution of Human MYH16 381 consistent with a simple model of pseudogene evolution for human MYH16. In addition, the assumption that all human lineage nonsynonymous mutations are deleterious before the inactivation of a gene may be overly conservative. In fact, other studies have found a higher nonsynonymous than synonymous fixation rate for about 10% to 20% of functional genes in large-scale human-chimpanzee comparisons (Clark et al. 2003; Watanabe et al. 2004) , which suggests that recent positive selection may not be a rare phenomenon. Our analyses also demonstrate that fixation rate estimates based on a few differences among recently diverged lineages can be associated with large variances, and, therefore, mutation age estimates based on d N /d S calculations are highly tenuous. Thus, our results illustrate how important sample size and different gene region analyses can be for estimates related to a single evolutionary event. Finally, our results question previous conclusions that suggest the inactivation of MYH16 was associated with masticatory gracilization and an increased cranial capacity in the genus Homo.
